We present a set of N-body simulations of a class of models in which an unstable dark matter particle decays into a stable non-interacting dark matter particle, with decay lifetime comparable to the Hubble time. We study the effects of the kinematic recoil velocity (V k ) received by the stable dark matter on the structures of dark matter halos ranging from galaxycluster to Milky Way mass scales. For Milky Way-mass halos, we use high-resolution, zoomin simulations to explore the effects of decays on Galactic substructure. In general, halos with circular velocities comparable to the magnitude of kick velocity are most strongly affected by decays. We show that decaying dark matter models with lifetimes Γ −1 ∼ H −1 0 and recoil speeds V k ∼ 20 − 40 km/s can significantly reduce both the abundance of Galactic subhalos and the internal densities of the subhalos. We also compare subhalo circular velocity profiles with observational constraints on the Milky Way dwarf satellite galaxies. Interestingly, we find that decaying dark matter models that do not violate current astrophysical constraints, can significantly mitigate both the well-documented "missing satellites problem" and the more recent "too big to fail problem" associated with the abundances and densities of Local Group dwarf satellite galaxies. A relatively unique feature of late decaying dark matter models is that they predict significant evolution of halos as a function of time. This is an important consideration because at high redshifts, prior to decays, decaying models exhibit the same sequence of structure formation as cold dark matter. Thus, decaying dark matter models are significantly less constrained by high-redshift phenomena (e.g., reionization, AGN formation, Lyman-α forest) than warm mark matter models that exhibit similar low-redshift predictions. We conclude that models of decaying dark matter make predictions that are relevant for the interpretation of observations of small galaxies in the Local Group and can be tested or constrained by the kinematics of Local Group dwarf galaxies as well as by forthcoming large-scale surveys.
INTRODUCTION
The formation of structure in the universe is driven by dark matter (DM), the nature of which remains unknown. Over the last several decades, the hierarchical cold dark matter model (CDM) has become the standard description for the formation of cosmic structure and galaxy formation (White & Rees 1978; Blumenthal et al. 1984) . In particular, the CDM model is consistent with the cosmic microwave background (CMB) anisotropy spectrum measured by the Wilkinson Microwave Anisotropy Probe (WMAP) (Hinshaw et al. 2012 ) and PLANCK satellite (Planck Collaboration et al. 2013) as well as observations of the large-scale (k < ∼ 0.1 h/Mpc) galaxy clustering spectrum measured by the Sloan Digital Sky Survey (SDSS) (Tegmark et al. 2006 ). However, the CDM paradigm faces a number of possible challenges on small scales. For example, Galaxy-sized CDM halos contain a large number of subhalos in numerical simulations (Klypin et al. 1999 ; Moore et al. 1999) , while observations show only ∼ 20 satellite galaxies around each of the Milky Way and M31 (Koposov et al. 2008) . In addition, the central slopes of the density profiles of low-surface brightness (LSB) galaxies (de Blok & Bosma 2002; Simon et al. 2005; Kuzio de Naray et al. 2008; Oh et al. 2011; Adams et al. 2014 ) appear less than than predicted in CDM simulations.
A number of proposals have been made to reconcile the observations with the theory. First and foremost, baryonic physics renders galaxy formation inefficient in small halos (M < ∼ 10 9 M⊙). Thus, many subhalos may exist in Galactic-scale halos but may not be inhabited by galaxies (Bullock et al. 2000; Benson et al. 2002; Sawala et al. 2014 ). This would leave small sub halos invisible to optical surveys. To address the question of central densities, on somewhat larger scales (M < ∼ 10 11 M⊙), baryonic processes may significantly alter the distribution of dark matter within small dark matter halos. Several groups performed high-resolution hydrodynamic simulations with stellar or supernovae feedback, showing that it may be possible to generate shallow dark matter profiles if feedback is sufficiently strong (Governato et al. 2012; Teyssier et al. 2013; Garrison-Kimmel et al. 2013) . For isolated galaxies, it appears that the generation of a shallow density profile similar to that observed in LSBs cored profile may require fairly large stellar masses (M * ∼ 10 8 M⊙). Most low luminosity dwarf spheroidal (dSph) galaxies (M * ∼ 10 6 M⊙) in our Local Group are likely not affected by this mechanism (Governato et al. 2012; Garrison-Kimmel et al. 2013) . For satellite galaxies, however, Brooks et al. (2013) argued that strong feedback combined with enhanced tidal stripping of less-concentrated satellite galaxies may alleviate the apparent discrepancies that arise on the scale of the dwarf galaxies of the MW.
Though baryonic resolutions to the small-scale challenges to CDM must be explored exhaustively prior to reaching strong conclusions about the dark matter, it is also worthwhile to consider the predictions of alternative dark matter physics. Altering the cold or collisionless properties of the dark matter may result in shallow density profiles and fewer Milky Way satellites, while maintaining the large scale successes of the LCDM paradigm. Recently, several groups have used high-resolution simulations to study how alternative dark matter models alter halo properties. Some thermal relic warm dark matter (WDM) candidates, such as sterile neutrinos and gravitinos, have masses of ∼ few keV and velocities at production substantial enough to suppress structure growth on Galactic and sub-Galactic scales (Polisensky & Ricotti 2011; Macciò et al. 2012; Lovell et al. 2012 Lovell et al. , 2014 Horiuchi et al. 2014; Schneider et al. 2014) . In these scenarios, Galactic subhalos tend to be less concentrated, because a halo at a fixed mass scale forms later in a WDM Universe than in a CDM Universe. WDM can also be produced in the early universe through resonant oscillations (Shi & Fuller 1999) and such scenarios often yield a mixture of both cold and warm DM models (CWDM). CWDM also results in suppressed small-scale structure growth Anderhalden et al. 2013 ). WDM models are now somewhat strongly constrained by Lyman-α forest data, with a lower mass bound of mWDM > ∼ 3 keV (thermal relic mass; Viel et al. 2013) . This severely limits the ability of WDM to make both shallow DM density profiles, and a population of MW satellites similar to that which is observed (Polisensky & Ricotti 2011; Villaescusa-Navarro & Dalal 2011; Macciò et al. 2012) . However, CWDM models, which have non-zero power below free-streaming scale , remain viable. In addition to WDM and CWDM, self-interacting dark matter (SIDM) models (Zurek 2014) , both with velocity-independent ) and velocitydependent cross sections (Vogelsberger et al. 2012) , have been studied in the context of structure formation. These authors find that the inner density profiles of halos can be made significantly shallower and less dense compared to CDM because of DM selfscattering. Recently there are also a few works on DM interacting with relativistic species (Boehm et al. 2014; Buckley et al. 2014) .
In this paper, we utilize high-resolution simulations of cosmological structure formation to study the implications of decaying dark matter (DDM) on halo structure and substructure. These types of DDM models have been considered in a number of recent studies (Strigari et al. 2007; Peter 2010; Peter & Benson 2010; Wang & Zentner 2010 Wang et al. 2013) . In such models, a DM particle of mass M decays into a less massive daughter particle of mass m = (1 − f )M and a significantly lighter, relativistic particle, with a lifetime on the order of the age of the Universe. The stable daughter particle acquires a recoil kick velocity the magnitude of which depends upon the mass splitting. The evolution of DDM perturbations with arbitrary mass splitting has been examined by Aoyama et al. (2014) . For f ≪ 1, the kick velocity, V k ∼ f c, is non-relativistic. As a result of the decays, the DM consists of a mixture of cold and warm components, and is similar in some respects to the CWDM produced via resonant oscillation. The linear matter power spectrum in this class of DDM (Wang & Zentner 2012 ) is characterized by a step and a plateau on small scales, similar to the power spectrum in CWDM (Boyarsky et al. 2009 ), but its evolution is more significant at late times due to the continuing decay process.
Despite the many similar features between CWDM and DDM, there are distinct phenomenological advantages to DDM. First, it is a natural way to generate a mixture of cold and warm components, provided the decay lifetime is comparable to or longer than the age of the universe (note that DDM will behave like WDM if the decay lifetime is much shorter than a Hubble time (Kaplinghat 2005) ). Second, the DDM only alters structure formation in the late universe, when decays are prevalent. CWDM/WDM and DDM are distinct primarily because in CWDM/WDM scenarios the mixture of cold and warm components is established at the time of DM production in the early universe. The relative abundances of cold and warm species is fixed throughout structure formation. In contrast, the relative abundances of the two components in DDM models changes with time due to the decays. Thus, the effects of DDM on structure growth become more pronounced at late times due to the increasing relative contribution of the warm component. This is an important feature of DDM models because it enables DDM to evade constraints from early structure growth (e.g., Yue & Chen 2012; Viel et al. 2013; Schultz et al. 2014) , which severely restrict WDM models, while simultaneously suppressing sub-Galactic structure in a manner similar to WDM and CWDM.
This feature can be seen in studies of the Lyman-α forest in DDM models (Wang et al. 2013) . The Lyman-α forest places restrictive bounds on the DDM mass splitting for Γ −1 ∼ a few Gyr, but the constraint loosens quickly as Γ −1 increases. For relatively short lifetimes, Lyman-α forest data provide the best modelindependent constraints on DDM, showing that the parameter space Γ −1 < ∼ a few Gyr and V k > ∼ 40 km/s is excluded. Meanwhile, isolated numerical simulations and semi-analytical models have shown that DDM with kick velocities V k < ∼ 100 km/s and lifetimes Γ −1 < ∼ 30-40 Gyr can have important effects on Galactic substructure (Peter & Benson 2010; ). This implies that there is a large and viable DDM parameter space that has a substantial impact on galactic substructure that has not yet been explored in detail.
In this paper, we run the first set of cosmological DDM simulations for a range of lifetimes and kick velocities, and study the phenomenological implications of DDM models over a range of scales. Throughout the paper, we do not refer to any specific beyond-standard-model physics for late decays (e.g., Cembranos et al. 2005) , focusing on the astrophysical effects of such models. We compare our results to other simulations of alternative DM models, such as SIDM and WDM, and to the abundance and structure of the MW dwarf satellite galaxies.
The outline of the paper is as follows. In § 2, we briefly describe the DDM models. § 2.1 gives an overview of DDM and establishes our notation. In § 2.2 we describe our CDM and DDM simulations. We present our simulation results in § 3. First we give a picture of the overall statistical effects on large scales from our large volume simulations in § 3.1. In § 3.2 we focus on individual halos and study how halo properties change across mass scales of .0 * The volumes listed for the Z12 & Z13 zoom-in simulations refer to the number of virial radii used to find the Lagrangian volumes associated with the zoom. The virial radius here refers to the CDM halo radius, which is R vir = 265 kpc. The particle properties listed are for the highest resolution particles only.
clusters to galactic substructures. In § 3.2.1 we study subhalo abundance and its dependence upon the parameters of DDM models in general, and then we focus on Galactic halos in § 3.2.2. In § 3.2.3 we show effects of DDM on halo density profiles. We focus on Galactic subhalo properties in § 3.3. We first perform resolution tests in § 3.3.1 to demonstrate the convergence of our simulations on scales relevant to the satellite galaxy population. In § 3.3.2, we then study the subhalo density profile changes and quantify changes in terms of fits to an Einasto profile. In § 3.3.3, we compare the internal structures of the satellite halos in our DDM simulations to the observed structural properties of the halos that host the MW satellite galaxies. We conclude in § 4 with a discussion of the ways in which different alternative DM scenarios alter predictions for the properties of Galactic substructure.
METHODOLOGY

Decaying Dark Matter Models
We begin by establishing our notation. We consider a class of models in which a DM particle decays into another species of stable DM with a small mass splitting, DDM → SDM + L, where L denotes a light non-interacting daughter particle, SDM is the stable DM with mass m, and DDM is the decaying DM with mass M . The mass loss fraction f = (M − m)/M of DDM is directly related to the recoil kick velocity deposited to the SDM particle by f ≃ V k /c from energy-momentum conservation. Therefore there are two independent parameters in this class of DDM models, namely the decay lifetime Γ −1 (or decay rate Γ) and the recoil velocity V k (or mass splitting ratio f ). As we will describe later, the relevant decay lifetimes in this work are generally large, ranging from a few Gyr to a few times of the age of the universe. We will focus on the case with f ≪ 1 for which the V k is non-relativistic.
The advantage of the late decay model is that it can have interesting phenomenological consequences on small scales, while preserving the general success of CDM on large scales and at early times. If the decay lifetime is sufficiently short, the behavior of DDM will be similar to WDM with the mass splitting being the analog of the WDM mass. For a large decay lifetime, the key difference between DDM and WDM lies in the evolution of the freestreaming scale as a function of time. While for WDM (and also for standard model neutrinos) the free-streaming scale gradually shrinks as the momenta of the particles redshifts, late decaying DM continuously generates particles with non-negligible peculiar velocities. This causes the free-streaming scale to grow until late times (see Fig. 3 in Wang & Zentner 2012 , for a comparison). We refer readers to Wang & Zentner (2012) for a detailed discussion and analytical explanations for this class of unstable DM. The full set of perturbation equations for deriving matter perturbations and the evolution of the free-streaming scale is also presented there.
Simulations
We have conducted two sets of high-resolution cosmological simulations to study structure formation in DDM models. We performed uniform resolution simulations in a cubic box 50 h −1 Mpc on a side in two models (the "B50" series of simulations). Furthermore, to study the detailed properties of Galaxy-sized halo structure and substructure in DDM models, we performed a suite of zoom simulations (Katz & White 1993; Oñorbe et al. 2014 ) focused on a halo of mass M ≈ 10 12 M⊙ (the "Z12" and "Z13" series). We generated each simulation using a modified version of the parallel N-body code GADGET-2 (Springel 2005 ) and GADGET-3 by . The modified version consists of a MonteCarlo simulation at each time step ∆t to determine whether a particle should decay with decay probability P = Γ∆t. If a particle is designated for decay, it will receive a kick speed V k in a random direction, and it will be flagged to make sure it will not decay again. Because we have focused on V k = 20−100 km/s, the relevant mass loss fractions are f ≈ V k /c ∼ 7 × 10 −5 − 3 × 10 −4 . Therefore, we maintain the masses of the particles in the simulations because the effect of the change in the kinetic energies of the particles due to the kicks is much greater than the change to the potential energy due to the decrease in particle mass. The light relativistic daughter particles escape from any system promptly after they are generated from the decay process and they are not of interest in this study. The light daughters have no effect on halo properties, and they have negligible effect on the expansion rate of the Universe and the growth of structure, even at late times, because their abundance is strongly suppressed by the small mass loss fraction (Wang & Zentner 2012) .
In order to make a direct comparison with prior simulations, we used the same initial conditions for both our uniform resolution simulations (B50) and our zoom simulations (Z12) as Rocha et al. (2013) . Moreover, we included a higher-resolution version of the same Galactic halo zoom-in simulation (Z13) with ∼ 1/8 times smaller particle mass for the highest resolution region in order to test convergence and to study the detailed internal structures of Galactic subhalos. All simulations have the same initial conditions as the fiducial CDM run starting at z = 250. The cosmology used is based on WMAP7 results with ΩM =0.266, ΩΛ=0.734, ns=0.963, h=0.71, and σ8=0.801. In each case, we have identified halos using the publicly available Amiga Halo Finder (AHF) (Knollmann & Knebe 2009 ) code. The halo radius can be defined as the radius of a sphere within which the average density is ∆vir times larger than the background density ρ b of the Universe:
where the ∆vir(z) depends on both the redshift and the given cosmology (Bryan & Norman 1998) . The maximum circular velocity, Vmax, of a test particle within a halo is given by
The maximum circular velocity is achieved at a radius of Rmax. For an NFW profile, it is useful to note that the escape speed from the center of a halo is related to the maximum circular velocity by Vesc ≈ 3Vmax. The uniform resolution cosmological simulations (B50 series) track the evolution of 512 3 particles in a cubic computational volume with a side length of 50 h −1 Mpc. The dark matter particle mass is 9.83 ×10 7 M⊙ with the force softening scale ǫ=1.4 kpc. This set of simulations allows us to study the properties of groupor cluster-sized halos (Mvir ∼ 10 13 − 10 14 M⊙), as well as overall large scale structure. We choose one set of decay parameters (Γ −1 = 40 Gyr, V k = 100 km/s) to illustrate the effects of DDM on cosmological scales and on the structures of halos over a range of halo masses. As has been discussed previously in and Wang & Zentner (2010) , and as we will demonstrate in § 3, DDM significantly affects halos with circular velocities Vmax < ∼ V k . In order to study such small halos, we select a halo from the 50 h −1 Mpc box for a zoom-in simulation, wherein the computation power is focused on a single Milky Way-size host. For the CDM case, the selected host halo has Mvir = 10 12 M⊙ and Rvir = 265 kpc. For Z12, the smallest force softening scale was set to 143 pc in comoving units and the particle mass in the highest resolution region is 1.92×10
5 M⊙. For Z13, the smallest force softening scale is 72 pc and the particle mass is 2.4×10 4 M⊙. We note that our Z13 simulations have particle mass and force resolution comparable to Aquarius level 2 simulations (Springel et al. 2008) and to Via Lactea I (VL-I) (Diemand et al. 2007 ). Our Z12 simulations have a resolution between the level 3 and level 4 Aquarius simulations. Table 1 lists the properties of the simulations. For the zoomin simulations the volumes listed refer to the number of virial radii in CDM run used to find the Lagrangian volumes associated with the zoom. The particle properties listed are for the highest resolution particles only. We run Z12 simulations for six different DDM models to sample from the parameter space that is not excluded by current Lyman-α forest data (Wang et al. 2013 ). Due to limitation of computational resources we only run Z13 simulations for one DDM model (Γ −1 = 10 Gyr, V k = 20 km/s) for convergence tests and demonstration purposes. We utilize the Z13 runs to test the completeness limit of subhalos self-consistently for our zoomin simulations. The details of the comparison is shown in § 3.3.1. We find that for Z12 runs we resolve subhalos down to Vmax > 8 km/s with M sub > ∼ 2 × 10 7 M⊙. We note that for the zoom-in simulations we only enable high resolution particles to decay. The more massive particles, which serve as boundary particles in the zoom-in simulations, behave as CDM particles. This approximation still reproduces the right gravitational environment for the zoomed galactic halos as we show in the next section using our uniform-resolution runs, so the effects of DDM models are confined well within Galactic scales.
SIMULATION RESULTS
We show a visual comparison of uniform-resolution CDM and DDM simulation snapshots in Figure 1 . The left panel is the lineof-sight projected density-squared drawn from the B50-CDM simulation, and the right panel is from the B50-t40-v100 DDM simulation with Γ −1 = 40 Gyr, V k = 100 km/s. Visualized is a slice 10 h −1 Mpc deep and 50 × 50 h −1 Mpc on a side. The lack of obvious visual differences suggests that this DDM model agrees with CDM predictions on large scales and preserves the large-scale successes of the CDM model.
In Figure 2 we compare the Z12 CDM galactic halo simulations with two other DDM scenarios (Γ −1 = 40 Gyr and V k = 100 km/s; Γ −1 = 10 Gyr, V k = 20 km/s). Although the host galactic halos do not show obvious changes in density or shape, the effects on substructure are significant and depend upon the decay parameters. The substructure in each halo simulation exhibits similar broad spatial distributions, though the detailed and/or object-byobject comparisons are somewhat challenging because the potential structure of the host halo is altered by the DDM in each case and the character of satellite halo orbits depends sensitively on the potential structure (e.g. Debattista et al. 2008; Valluri et al. 2010 Valluri et al. , 2013 . The common characteristic of both DDM scenarios is that they show a reduction of subhalo abundance compared to CDM. For the case with Γ −1 = 40 Gyr, V k = 100 km/s (middle panel), a significant number of small substructures remain, but their density profiles are shallower than the CDM case. It is evident that the densities achieved in the central regions of the subhalos in the DDM simulations are lower than those achieved in the CDM run. In the particular case of DDM with Γ −1 = 10 Gyr, V k = 20 km/s (right (2013) for SIDM models. The decay model efficiently reduces the number of halos with Vmax < ∼ 100 km/s. The velocity function difference between CDM and DDM models becomes more significant for smaller halos. For this particular model, the effect of decays is to uniformly reduce the number of halos with Vmax ≪ 100 km/s, but the effect is smaller for larger Vmax. The effect is stronger in the inner region for r < 0.5 R vir (right panel) than the overall effects in r < R vir (left panel). panel), the smaller subhalos are almost completely washed out and there is a less significant change in the density profiles of large subhalos (M > ∼ 10 8 M⊙) relative to the case in which Γ −1 = 40 Gyr, V k = 100 km/s.
As we proceed to interpret our results, it will be useful to recall that the recoil speed V k determines the sizes of halos that will be significantly altered by the DM decays, with halos that have Vesc < ∼ V k most strongly affected by the decays and halos with Vesc ≫ V k minimally altered by the decays. Roughly speaking, a subhalo with a mass of M ∼ 10 8 M⊙ has Vmax ≈ 10 km/s and the escape speed from the center of the subhalo of Vesc ≈ 30 km/s. It is not surprising that a recoil speed of V k = 20 km/s significantly alters, or even completely unbinds, smaller halos.
Large-Scale Structure
We begin the quantitative discussion of our simulation results with a brief examination of the large-scale structure within the CDM and DDM models. In Figure 3 we show the two-point correlation functions of dark matter within the 50 h −1 Mpc, uniform-resolution cosmological simulations. The fractional differences in the correlation functions between the CDM and DDM models is shown in the lower panel of Figure 3 . On large scales r > ∼ 500 Mpc, the CDM and DDM simulations agree well, as suggested by the visual comparison in Figure 1 . On scales r > ∼ 500 Mpc, the differences between the CDM and DDM simulation correlation functions are less than 1%. These differences increase to about 5% at a scale of r ∼ 100 kpc, and continue to increase toward smaller scales. For a typical galactic halo with virial mass Mvir ∼ 10 12 M⊙, the virial radius Rvir is ∼ 250 kpc and the escape speed from the halo center is Vesc ≈ 600 km/s, so the effects for the DDM scenario we study here are only important on sub-galactic scales.
In Figure 4 , we plot the cumulative number density of dark matter halos as a function of their maximum circular velocities (Vmax) at three different redshifts. The solid lines show the CDM results, and the dashed lines are from the DDM simulation. These two models agree well at z = 3 at all Vmax even below Vmax < ∼ 40 km/s (Vesc < ∼ 120 km/s). Differences between the cumulative velocity functions emerge as we proceed to lower redshift. At z = 0, the differences become significant for Vmax < ∼ 200 km/s. For example at Vmax = 100 km/s the decrement is ∼ 29% at z = 0 and for z = 3 it is just ∼ 6.5%.
The result above is consistent with our earlier statement that the halo sizes most affected by DDM are determined by V k . At all values of V k , the impact of DDM is most significant at later times because more of the DDM will have decayed (and provided the requisite recoil speed to the stable daughter particles) at later times. The fraction of DM particles that have decayed at different redshifts is
where t(z) is the physical time at redshift z. For Γ −1 = 40 Gyr, at z = 3 only ∼ 5 % of the DM particles have decayed. At z = 1 this fraction is ∼ 14% and at z = 0 it has risen to about ∼ 1/3. This is an interesting feature of the DDM model because it suppresses small-scale structure growth most strongly at low redshift and therefore DDM models evade constraints on early structure formation that severely limit WDM models.
We have used identical initial conditions to Rocha et al. (2013) , therefore our DDM results in Figure 3 and Figure 4 can be directly compared with Figure 3 in the SIDM simulations of Rocha et al. (2013) . On large scales, both the DDM and SIDM two-point correlation functions show good agreement with the CDM model. However, for the dark matter density function, the SIDM model shows no significant differences at all redshifts while for the DDM model the discrepancies appear at Vmax < ∼ 200 km/s and only for z < ∼ 1. Rocha et al. (2013) find that SIDM halos have constant-density cores across different mass ranges. However, these changes are restricted to the inner regions of the halos and Vmax is not strongly affected within larger halos.
Halo Structure and Substructure
Subhalo Abundace
The previous section showed that the effects of our DDM models are confined to scales less than a few hundred kpc. In this section, we begin by examining the abundance of subhalos at z = 0. Figure 5 plots the subhalo cumulative velocity function as a function of Vmax in a variety of host masses (Mvir = 2.2×10
12 -1.0×10
14 M⊙). The halos with Mvir 1.3×10 13 M⊙ are selected from our B50-CDM (solid) and B50-DDM-t40-v100 (dash-dotted, Γ −1 =40 Gyr and V k =100 km/s) simulations. The halos with Mvir = 1.0×10 12 M⊙ in these two panels are from the Z12 simulations. Figure 5 demonstrates that DDM scenarios induce different effects on subhalo abundance that become more significant for smaller halos. This behavior is different from the effects of SIDM models, which show only limited and mass-independent changes in subhalo abundance . The effects of DDM models start to become remarkable when Vmax < ∼ 100 km/s, close to V k = 100 km/s for this parameter set. The effects are also more dramatic in the inner regions of halos, as indicated in the right panel of Figure 5 for subhalos at r < 0.5 Rvir, than they are over the scale of the entire host halo (middle panel in Figure 5 ). As we will show, halos strongly affected by decay are less dense than their CDM counterparts, and are thus much more fragile to tidal disruption if they plunge deeply into a larger halo.
Of course, the specific results of Figure 5 are relevant only for the DDM parameters Γ −1 = 40 Gyr and V k = 100 km/s and varying both of these parameters can alter the influence of the DM decays. The results of Figure 5 are an illustrative example in which the effects of DDM are non-negligible across a wide range of subhalo sizes. In the following sections, we will focus on the effects of DDM on Milky Way substructure and explore a wider variety of DDM parameters. Indeed, the choice of DDM parameters Γ −1 =40 Gyr and V k =100 km/s is likely an the extreme case. In a galactic halo, the number of subhalos is across-the-board reduced. We will show that for models with V k ≪ 100 km/s, there will be interesting, but more subtle, scale-dependent effects on galactic halo substructure.
The scale-dependence of the effects of decay on halo structure and substructure is related to the typical DM particle velocities in the halo with respect to V k . Peter (2010) showed how the effects of DM decays depend on halo properties, namely the typical dynamical time (t dyn ) and the typical speed of dark matter particles in the halo. Peter (2010) chose the viral speed Vvir = GM vir R vir as the typical speed, and here we choose Vmax, which is typically close to Vvir 1 . For DDM with V k much greater than the typical speed of the DM halos (V k > Vesc ≈ 3Vmax), daughter DM particles will be ejected from the system due to their recoils and will cause the halos to lose mass. If V k ∼ Vmax, mass may be redistributed within halos making halo density profiles significantly less steep, but the fraction of mass ejected from the halos will be small. On the contrary, if V k ≪ Vmax the DM decays will have minimal effect on halo mass and/or structure. For the example of Γ −1 = 40 Gyr and V k = 100 km/s, V k ≫ 3Vmax for all subhalos in the galaxy-sized km/s. For these parameters, the impact of the decay process is not significant on the density profile of a group-size object, but the effects become visible for halos below the Galactic scale. halos in Figure 5 , which is why the velocity function is uniformly suppressed. For smaller V k , we will expect to see a feature near Vmax ∼ V k in the velocity function of substructure, owing to the difference in the effects of decay for Vmax < ∼ V k and Vmax > ∼ V k . As mentioned above, our goal is to focus on the DDM models that exhibit interesting phenomenology on galactic and subgalactic scales, while not affecting larger-scale astrophysical limits. For galaxy groups and clusters (for Mvir ∼ 10 13 − 10 15 M⊙ with Vmax ∼300-1000 km/s), all the DDM models in this study have V k ≪ Vmax; for galactic halos (Mvir ∼ 10 12 M⊙ with Vmax ∼150 km/s), only the model with V k = 100 km/s is comparable to the Vmax of the system. For the MW dwarf spheroidal satellite galaxies (M sub ∼ 10 8 − 10 9 M⊙ with Vmax ∼ 10-20 km/s), the models with V k = 20 km/s have recoil speeds comparable to the range of the Vmax values for the systems of interest.
Milky Way Subhalo Abundace
In Figure 6 , we focus attention on our high-resolution Galaxy-sized halos and show the subhalo velocity functions for several different DDM models. These curves show very different levels of suppression as a function of Vmax for the various DDM parameters. In the left panel we consider the three models with Γ −1 = 40 Gyr and different values of V k . From these results it is clear that the DDM models with larger V k more strongly suppress substructure with higher Vmax. In the limit of small Vmax < ∼ 10 km/s, the kick velocity is significantly larger than Vmax and all three simulations with Γ −1 = 40 Gyr yield similar subhalo abundances. About 1/3 of these small subhalos remain.
In the right panel, we compare all four models with V k = 20 km/s. These models differ in Γ −1 . This plot shows that DDM lifetime determines the level of substructure suppression at fixed V k , and that suppression becomes dramatically more significant when Γ
0 . It is interesting to notice that for Vmax < ∼ 10 km/s, the subhalo number seems to be proportional to the decay lifetime and does not depend on the kick velocity. This is because the smallest recoil speeds in our simulations are still greater than the circular velocities of these systems, so the decay lifetime sets the fraction of particles ejected and therefore determines the suppression of small subhalos. In the limit that V k ≫ Vmax the effect of DDM is determined almost entirely by the lifetime of the particles. For Γ −1 = 10 Gyr, about 1/10 of the small subhalos remain, while for Γ −1 = 1 Gyr only ∼ 10 subhalos with Vmax > ∼ 10 km/s remain within the system at z = 0.
As we discussed earlier, if the kick velocity is much greater than the typical circular velocity of the DM halo, DM particles are ejected from the system. As discussed in Peter (2010) , if the decay lifetime is greater than dynamical time scale of the halos, the halos will go through adiabatic expansion to accommodate changes to the gravitational potential. This will result in a reduction of halo size and a shift in the velocity function. For our galactic zoom-in simulations, the DDM model with Γ −1 =40 Gyr and V k =100 km/s matches this criterion for all the galactic subhalos in the system. We find that the behavior of the simulated subhalo velocity function agrees well with the analytical expectation.
However, when comparing to observations, it is likely that a uniform reduction of the Galactic subhalo velocity function at all circular velocities cannot describe the Milky Way satellites because a reasonable number of massive subhalos are still required to host the observed Milky Way satellites (i.e. Koposov et al. (2008) ). suppress the subhalo velocity function too severely even for a small V k ∼ 20 km/s. In order to match our simulations with current observational data, it is more reasonable to consider DDM models with V k < ∼ 40 km/s and Γ −1 < ∼ 40 Gyr. This agrees with the results in Peter & Benson (2010) , who examine the effects of DDM on the number of Milky-Way satellites using semi-analytical models. They show that the most relevant parameter range is around V k ∼ 20-200 km/s for Γ
−1<
∼ 30 Gyr. We will defer a more rigorous study of constraints on DDM based on Galactic substructure to future work.
We note that the formation of spurious halos, as observed in WDM and HDM (Bode et al. 2001; Wang & White 2007; Lovell et al. 2014 ) is unlikely in DDM simulations, even for rel-atively short lifetimes (Γ −1 < ∼ a few Gyr). In the case of a decay lifetime shorter than the age of the Universe, small-scale structure below the free-streaming scale will be washed out by z = 0 and power spectra will trend toward pure WDM models. However, the time evolution of DDM structure growth is very different from thermal-relic WDM, thus the evolution of small halos is very different from what is found in the WDM literature (i.e. Angulo et al. (2013) ). Small halos in DDM models still assemble much of their mass early in their evolution, just as in CDM, but they are continuously perturbed by the decay process. At the stage when all the DM particles have decayed, the small halos below the free-streaming scale are completely destroyed. In contrast, in WDM, the spurious small halos are formed from the fragmentation of filaments originating from the initial, unperturbed particles (Wang & White 2007 ). Thus our DDM simulations cannot be affected by this numerical issue that plagues WDM and HDM models.
Halo Density Profiles
In Figure 7 we show the density profile of halos as a function of mass and of decay parameters at z = 0. In the left panel we show a galaxy-group-size halo with Mvir = 1.3 × 10 13 M⊙ selected from the B50 simulations. In the middle panel we show profiles of the host halos in the Z12 simulations with Mvir = 1.0 × 10 12 M⊙, while in the right panel, we display the density profiles of the four largest subhalos (by Vmax) of the 1.0 × 10 12 M⊙ host, again in the Z12 simulations. The solid black lines indicate the density profiles from the CDM simulation, the orange dashed lines are from DDM model with Γ −1 = 10 Gyr, V k = 20 km/s, and the green dash-dotted lines are with Γ −1 = 40 Gyr, V k = 100 km/s. These two decay models bracket extremes for the effects on the subhalo velocity function (Figure 6 ). For the Galactic subhalos, the thick lines are plotted down to the convergence radius derived using the methods in Power et al. (2003) and the thin lines are plotted down to three times the softening scale. For the galactic host halo and galaxy group (the left two panels), the density curves are plotted down to convergence radius in Power et al. (2003) .
It is clear that while these decay models have negligible impact on the structure of groups and clusters, the effects become more significant in smaller objects. This reflects the fact that the value of V k should be close to or greater than the typical Vmax of the halos to produce significant changes. For the galactic main halo density profiles in the middle panel in Figure 7 , we can see that the model with small kick velocity (V k =20 km/s) has very small effects on the host halo density profiles. For example at r=2 kpc the density suppression is about 5%. Even in the case of Γ −1 = 10 Gyr, where about 70% of the DM has decayed and received a concomitant kick, the effect is still negligible. If we increase the kick velocity, for example up to 100 km/s, those particles which have decayed will receive a kick velocity comparable to the dynamical scale of the system (Vmax =158 km/s), and the density profile can have obvious deviations from the CDM case even if only 30 % of the DM particles have decayed (as with Γ −1 = 40 Gyr). For example at r=2 kpc the density deviation in the V k = 100 km/s model is roughly 29%, which is about six times of the suppression from the V k =20 km/s case.
In Figure 8 we plot the galactic main halo density profiles for all six DDM models that we use to simulate the Z12 halo. Most of the DDM models we explore exhibit only limited deviations from CDM and what deviations do exist are generally restricted to the central regions of the halo. This reflects our choice of parameters, which in turn is driven by constraints on DDM models from large- For most of the decay models we consider here show little density suppression concentrated on the central region, except the case with Γ −1 = 40 Gyr, V k = 100 km/s. This model has a relative large V k relative to other models, and is comparable to the virial speed of the host halo.
scale structure (Wang et al. 2013 ). For the model with the largest kick speed, V k = 100 km/s, particles may be ejected from the halo or placed on significantly more extended, highly eccentric orbits. This alteration of dark matter particle orbits results in a significant change to the host halo density profile.
In contrast to the main halo, the right panel of Figure 7 indicates that DDM at relatively small kick velocities, not in tension with existing constraints (Wang et al. 2013) , can significantly alter Galactic subhalo density profiles (in addition to their abundance). The objects depicted in the right panel of Figure 7 have masses of M sub ∼ 10 9 -10 10 M⊙, in the CDM case, which corresponds to Vmax ∼ 30-40 km/s. For the DDM model with V k = 100 km/s (V k > Vmax for Galactic subhalos), those DM particles that receive the kick after decay will either have very eccentric orbits or become unbound from the subhalos. Consequently, in this scenario the effects of DDM on density profiles is not restricted to the central regions of the subhalos. We will return to subhalo density profiles in § 3.3.1, where we will show that simulation resolution is important for the robustness of the subhalo properties in DDM simulations, and address possible resolution affects on the convergence of subhalo density profiles.
In Figure 9 , we show the Galactic host density profiles for the different DM components in the Z12 simulations. The solid lines show the contributions from the "cold," component (DDM), which is made up of the parent DM particles that have not yet decayed. The dash-dotted lines show the "warm" component (SDM), which is comprised of the daughter DM particles that have received recoil kick velocities. We display DDM models with three different decay lifetime values: Γ −1 = 40 Gyr, for which ∼ 30 % of the DM particles have decayed at z = 0; Γ −1 = 20 Gyr, for which 50 % of the DDM have decayed; and Γ −1 = 10 Gyr, for which ∼70 % of the parent, DDM particles have decayed by z = 0. In the Γ −1 = 1 Gyr model, nearly all the DDM particles have decayed by z = 0, so we do not show this model in Figure 9 . In the right panel of Figure 9 , Figure 9 . Left panel: Density profiles of the host halos in the DDM simulations. We show the DDM components (solid lines, for DM particles before decay) and SDM components (dash-dotted lines, for DM particles after decay) separately for the Z12 simulation series at z = 0. For Γ −1 = 1 Gyr, essentially all of the DDM particles have decayed by z = 0, so we do not show these profiles here. Similarly, note that the DDM profiles have a higher amplitude for each case with Γ −1 = 40 Gyr, but that the reverse is true for the cases with shorter lifetimes. Right panel: The fractional contribution of SDM component to the total density as a function of radius for different DDM models. The color scheme is the same as the left panel. The predicted SDM fraction using Eq. 2 and ignoring the amplitude of the kick speed is plotted with a black dotted line for Γ −1 = 10 Gyr, a dashed line for Γ −1 = 20 Gyr, and a dash-dotted line for Γ −1 = 40 Gyr.
we plot the fractional contribution of SDM to the halo density profiles and also the analytical prediction by Eq. (2), which ignores the dynamical effects introduced by the kick speed, at z = 0.
From the left panel of Figure 9 , it is evident that the decay lifetime essentially determines the normalization of the density profiles for the DM components. This is also shown in the right panel of Figure 9 for which the fraction of DDM is largely uniform across the entire halo for most of the models. While the distribution of DDM and SDM generally follows closely the original, unaltered halo profile of the CDM simulation, the distribution of SDM and DDM particles can be affected significantly for large values of the kick speed, V k . For V k = 100 km/s, the SDM takes on a significantly less centrally-concentrated density profile than its CDM or the other DDM counterparts. The parent DDM particles respond to this reduction in the gravitational potential and also exhibit a significantly shallow density profile than the DM in the CDM case or the DDM cases with lower kick speeds. The right panel of Figure 9 shows that the fraction of SDM is reduced by 5% on all radii and goes down to 15% at the central region. For V k = 40 km/s, the contribution of SDM also has mild decrement of 2-5% for r < ∼ 10 kpc. As discussed in Sánchez-Salcedo (2003), on average the net effect of decays is to impart an amount of energy ∆E ≈ mV 2 k /2 on the dark matter, independent of the initial velocity. The changes in average kinetic energy result in changes in particle orbits, causing an expansion of dark matter halos and making dark matter profiles more shallow. Previous studies find that this analytical model reproduces the properties of isolated simulations well Wang & Zentner 2012 ).
We note the similarity of our galactic density profile feature with CWDM simulations , which also contain a mixture of cold and warm components. However, as pointed out in Peter et al. (2010), DDM makes distinct predictions relative to CWDM because the density profiles of DDM models exhibit strong time evolution. This is expected because the ratio of the two DM components is controlled by the decay lifetime, and so the effects on the overall halo density profiles become more profound at later times.
We examine the redshift dependence of the density profile in Figure 10 , which plots total halo density profiles as well as the relative contributions from the DDM and SDM components for the model with Γ −1 = 40 Gyr, V k = 100 km/s. In the right panel, we can see the strong redshift evolution of the SDM contribution. More interestingly, the radial distribution of the SDM fraction deviates significantly from the prediction from Eq. 2 at each redshift, which are shown by black lines in different line styles, on the central region, and tends to agree better at the outer region. This redshiftdependent behavior exists in all the DDM models unless the decay lifetime is very short. At the same time, the scale-dependent behavior exists for DDM models in which V k is comparable to the dynamical speeds within the system of interest.
Milky Way Substructure
Convergence Tests
In order to study the demographics and internal structures of subhalos in a Milky Way-like halo, we focus on the results from our Z12 and Z13 zoom-in simulations in this section. To address convergence, we simulated one galactic halo with two different resolutions (the Z12 and Z13 simulations). We begin this section with a convergence test on the subhalo cumulative velocity function to examine the completeness of the Z12 zoom-in simulations, which is the resolution we adopted to demonstrate the effects of DDM models on galactic subhalo abundance in Figure 3 .2.2. Figure 11 shows the results of this comparison between the Z12 and Z13 simulations within 280 kpc of the host galactic halo. We use a slightly more extended radius than the virial radius (∼ 265 kpc) to account for the mild subhalo position change due to phase offsets between the resolutions. The CDM runs are shown as in blue curves while the DDM runs with Γ −1 = 10 Gyr, V k = 20 km/s are shown in orange. The solid lines indicates the higher-resolution runs (Z13) for each DM models, and the lower resolution runs (Z12) are shown with dash lines. Resolution effects reduce the number of small subhalos in the Z12 runs for the CDM case, and the agreement extends down to Vmax > ∼ 8 km/s . Because DDM models usually efficiently eliminate small substructures, it is subject less to the resolution limits in terms of cumulative halo abundance and shows good agreement down to Vmax > ∼ 8 km/s. However, to be conservative we quote the results from the CDM runs and apply the completeness limits of Vmax > ∼ 8 km/s in all our Z12 subhalo velocity function studies in § 3.2.2.
In Figure 12 we illustrate the dependance of subhalo density profiles on the numerical resolution. The top three panels of Figure 12 show the three subhalo density profiles from two CDM simulations with different resolutions (Z12-CDM & Z13-CDM), while the lower three panels are their DDM counterparts with Γ −1 = 10 Gyr, V k = 20 km/s. Those density profiles are plotted up to the convergence radius suggested in Power et al. (2003) using thick lines. We extend these profiles down to a halo-centric radius of 2 times the softening scale with thin lines. The vertical dotted lines show 2.8 times the softening scale, outside of which the gravitational force is Newtonian. The CDM simulations at different resolutions agree well all the way down to a radius of 2.8 times the softening scale and clearly match well for all radii greater than the convergence radius of Power et al. (2003) . On the other hand, the lower-resolution (Z12-t10-v20) and higher-resolution (Z13-t10-v20) DDM simulations start to deviate from each other even for scales close to, or slightly larger than, the Power convergence radius. This shows that resolution is particularly important to resolve Galactic subhalos in DDM scenarios.
The reasons why DDM subhalo structure converge more slowly than CDM case can be understood as follows. Each DM particle in the simulation actually represents a group of DM particles. In a small volume, where the number of DDM particles within the simulations is relatively small, the ratio of parent and daughter particles may not reflect the global value. Furthermore, the number of kick velocity directions sampled through the decays can be limited if sampled only by a small number of particles. These errors are sampling errors and scale inversely with the square root of the particle number. Consequently, density profiles are expected to be noisier in the interiors of DDM halos than of their CDM counterparts because there are fewer particles in these regions and these particles may sample the decay process poorly. For example, in Galactic subhalos with M sub > ∼ 5×10 8 M⊙ in the Z12-CDM run, there are 200-700 DM particles for r < ∼ 0.7 kpc, while for Z13 the particle numbers are ∼ 3000 − 5000. We will restrict our analysis related to subhalo inner structure to the Z13 runs to make sure the results are robust.
The Density Profile Shape of Subhalos
Previous studies show that the inner density profiles of subhalos are well described by the Einasto form (Springel et al. 2008) ,
where ρ−2 and r−2 are the density and radius at the point where the local slope d ln ρ/d ln r = −2. We test to determine if our subhalos have this similar form and plot the density profiles in Figure 12 . This figure indicates that our subhalo profile shapes are changed due to the DM decay process. From left to right, which corresponds to moving from more massive to less massive subhalos, it is appar- ent that the reduction of the inner density due to the decay process becomes more significant. We attempt to capture this feature by fitting the profiles from Z13 simulations with Einasto profiles and observe how the value of α, which indicates how fast the slope of profile changes, varies with different DM models. We fit our Z13 subhalo density profiles with Einasto profiles over the radial range of 800 pc up to an outer radius. The value of outer radius is the smaller of 5 kpc or 1.5 Rmax. The choice of the lower limit, 800 pc, is comparable to the average Power convergence radius (Power et al. 2003) of the 15 most massive subhalos (ranked by Vmax) in the Z13 host halo. We derive the fit by minimizing the goodness-of-fit measure:
where ρ model here represents the Einasto profile.
Below when we examine the subhalo circular velocity curves in § 3.3.4, we will adopt a procedure similar to the one described in Boylan-Kolchin et al. (2012) to correct for the force softening effects. We apply the best-fit Einasto profile derived using the method describe above to model the matter distribution for r < 800 pc and use the simulated results for r > 800 pc. We note that we apply the correction to a more extended range ( r < 800 pc) than the one in Boylan-Kolchin et al. (2012) (r < 291 pc) so that the extrapolation is based on the fitting results that are robust in the two-body relaxation criterion in Power et al. (2003) .
Each panel in Figure 12 shows the best-fit Einasto profile for the Z13 simulations with a black solid curve. We also mark the value of best-fit α for each subhalo. We can see that Einasto profile fits provide an excellent description of the inner subhalo DM distribution. It is clear that in this DDM scenario, the reduction of DM density is more significant in the inner region than the outer region, and also the amount of suppression is more significant for smaller objects. This is also reflected on the value of best-fit α, where on average DDM subhalos tend to render slightly larger α than their CDM counterparts.
The average central densities of dSphs are constrained by stellar kinematical data, which give ρ ∼ 0.1 M⊙/pc 3 within a radius of r = 300 pc (e.g., Strigari et al. 2008 ). Both our CDM and DDM simulations are broadly consistent with these constraints. For comparison, using the Einasto profile fits we find that the average central density for the largest subhalos in our Z13 DDM simulation at 0.3 kpc is about ρ ≈ 0.06 − 0.17 M⊙/pc 3 for M sub > ∼ 5 × 10 8 M⊙. For subhalos with M sub ∼ 1 × 10 8 − 5 × 10 8 M⊙, the central density is reduced to ρ ≈ 0.015 -0.05 M⊙/pc 3 . In ΛCDM simulations, subhalos which host the dSphs likely lie the mass range ∼ 2×10 8 −2×10 9 M⊙ (Strigari et al. 2010; Boylan-Kolchin et al. 2012 ). However it is important to note that these masses were inferred for ΛCDM halos only, and numerical simulations with different DM properties may predict somewhat different results because the structure of subhalos has changed. A more detailed analysis requires matching observed dSph stellar kinematic data to our set of DDM subhalos and we will pursue such a detailed analysis in a forthcoming follow-up paper.
Vmax v.s. Rmax
It has become common practice to characterize the sizes and internal structures of dark matter subhalos using the maximum circular velocity Vmax, and the radius at which this maximum circular velocity is achieved Rmax. This is at least in part because these quantities fully characterize an NFW profile and can be measured reliably in simulations because they are not sensitive to idiosyncratic choices in fitting procedures. In Figure 13 , we show the Rmax vs. Vmax scatter plot for Galactic substructure from our Z13 simulations. We can see that the distribution of DDM subhalos is very different than the CDM case, which again indicates that the subhalo structure has been altered significantly in this DDM scenarios. The subhalos in our CDM simulations show good agreement with the previous study from the Aquarius simulations (Springel et al. 2008) , which is indicated by the black solid line in Figure 13 . For the DDM subhalos, both Vmax and Rmax have changed significantly. If we focus on the ten most massive subhalos (ranked by Vmax) which are shown with filled circles, we can see that the deviation is more prominent for objects with smaller Vmax. There is one object in the DDM simulation that has an especially shallow profile. This object has Vmax=28.21 km/s and Rmax = 7.86 kpc in the CDM simulation; however, the decays have caused significant changes in the halo and this object has Vmax=21.9 km/s and Rmax=11.9 kpc (the filled orange point near Rmax =10 kpc) in the Z13 DDM simulation. The broad behavior of subhalo structure in these DDM models is that, for a given Vmax, that radius at which this peak velocity is achieved, Rmax, tends to be larger than in CDM because individual halos of a given mass are more diffuse. At a given Vmax, subhalos in the DDM model tend to have larger values of Rmax, particularly for Vmax < ∼ V k (here 20 km/s), below which the number of subhalos is also dramatically reduced. There are no objects that have Rmax < 1 kpc in the DDM simulation in the range of Vmax shown in Figure 13 , while the majority of the small CDM objects scatter around Rmax = 1 kpc. Density profiles for subhalos matched between the high (Z13) and low (Z12) resolution for the simulations with CDM and DDM model with Γ −1 = 10 Gyr, V k = 20 km/s. The top three panels show the CDM simulation results, and the lower three panels are from the DDM simulations. In the CDM case the light blue corresponds to low and navy blue corresponds to high resolution, while in DDM case the orange corresponds to low and red to high resolution. "M H /M L " represents the ratio of the subhalo mass between the high and low resolution density profiles. They are plotted up to the convergence radius from Power et al. (2003) with thick lines, and extended to 2 times of the softening scale (ǫ)with thin lines. The vertical dotted lines show 2.8 ǫ, where the gravitational force becomes Newtonian. The solid black lines show the best-fit Einasto profile for the Z13 simulations. The value of α for the Einasto fit is also shown in each panel.
Comparison with the Milky-Way Dwarf Spheroidals
Boylan- Kolchin et al. (2011 Kolchin et al. ( , 2012 highlighted that the inner dynamical structure of the most massive Galactic subhalos in numerical CDM-only simulations is inconsistent with the observed Milky-Way dSph satellites. This finding can be interpreted one of two ways. First, it could imply that a population of massive subhalos around the Milky Way exists that does not host satellite galaxies. Another, second, interpretation is that these massive subhalos do host satellites, but that the density profile is dramatically altered in the inner regions relative to CDM. For the first interpretation, several authors have discussed ways to remove the necessity of this population of massive subhalos. For example, the Galactic host halo mass, which is usually taken to range over Mvir ∼ (0.6 − 2.0) × 10 12 M⊙, has been found to be an important factor in determining the abundance of massive subhalos. find that a smaller halo mass ∼ (0.8 − 1) × 10 12 M⊙ will reduce the probability of massive subhalo with Vmax > 30 km/s significantly, but the probability of having Magellanic-cloud-like systems is also reduced. There are also questions about the diversities in galactic halo properties and formation history. For example Purcell & Zentner (2012) show that it is possible that not all systems would have a population of massive subhalos.
Many authors that have also examined how different DM properties alter the population of massive subhalos, trying to solve the central density problem with altered density profiles instead of deleting massive subhalos. Specific DM models include WDM (Lovell et al. 2012) , SIDM (Vogelsberger et al. 2012) , and mixed DM (warm+cold) (Anderhalden et al. 2013 ). These models either alter the inner density structure of subhalos (i.e. SIDM) or affect subhalo formation time to make them less centrally concentrated (i.e. WDM). Here we examine the corresponding predictions of DDM.
In order to reduce the uncertainties due to numerical resolution, we only perform analysis on the high-resolution simulation sets (Z13). As described earlier in § 3.3.4, we correct the effects of force softening by modeling the density distribution using the Einasto fit for r 800 pc and switch back to the simulated density profile for r > 800 pc to ensure robustness on two-body relaxation criterion. Here we only examine one DDM model which is not ruled out by contemporary data and has a significant impact on the structures of Galactic subhalos (DDM with Γ −1 = 10 Gyr, V k = 20 km/s). However, we remind the reader that, as discussed previously in § 3.2.3, there are a range of decay parameters that are capable of reducing subhalo densities and subhalo counts. The main purpose of our present analysis is to establish predictions for the massive subhalo population in DDM models, keeping in mind that the aforementioned issues relating to the lack of precise knowledge of Milky Way DM halo mass and formation history.
In Figure 14 we show the circular velocity profiles for the 15 most massive subhalos ranked by Vmax at z = 0 in the Z13 simulations for DDM and CDM models. The left panel shows the standard CDM case, while the right panel is drawn from the DDM simulation with Γ −1 = 10 Gyr, V k = 20 km/s. These again are Vmax relation from the Aquarius simulation (Springel et al. 2008) , which shows good agreement with our CDM results. The field halo Rmax vs.
Vmax from (Neto et al. 2007 ) is plotted by the black dotted line for reference.
from our high-resolution zoom-in simulations (Z13) after the resolution correction suggested by Boylan-Kolchin et al. (2012) . The square points with 1 σ error bars show the observational estimation of the Vcirc at the half-light radius for the 9 classical Milky Way dSphs (Walker et al. 2009; Wolf et al. 2010 ). This simple exercise demonstrates that DDM models can provide predictions that are distinct from CDM. Indeed, the circular velocity profiles shown for the DDM model in Figure 14 certainly appear to be more representative of subhalos that should be broadly consistent with the observed stellar kinematics in the satellite galaxies of the Milky Way. The circular velocity curves are lower for the DDM model relative to the CDM model both because the number of high-Vmax halos is reduced relative to CDM (Fig. 6 ) and because the remaining halos are more diffuse than CDM halos (Fig. 13) . Further, the model that we consider is consistent with current Lyman-α forest constraints, which exclude models with Γ −1 = 10 Gyr, V k > ∼ 40 km/s (Wang et al. 2013) , while reducing the abundance of subhalos of a given size relative CDM predictions and reducing the central densities of subhalos relative to CDM and alleviating the "too big to fail" problem CDM.
The Galactic halo we chose to resimulate in this analysis has a mass near the lower end of the range suspected for the Milky Way, and a correspondingly small number of massive subhalos. Our analysis of this halo agrees qualitatively with what is found in Boylan-Kolchin et al. (2011) in their analysis of the Aquarius-B or F halo, which have similar halo masses (Mvir ∼ 9.54 ×10 11 M⊙ for Aq-B and Mvir ∼ 1.32 ×10 12 M⊙ for Aq-F). These two halos possess 4 and 5 subhalos that are at least 2 σ denser than every bright MW dwarf spheroidal data. It is interesting to note the difference in σ8 between the Aquarius simulations (σ8 = 0.9) and our simulations (σ8 = 0.8). This offset will produce less concentrated subhalos (Zentner & Bullock 2003; Polisensky & Ricotti 2014) and also reduce the abundance of massive subhalos. However, Garrison-Kimmel et al. (2014) find that high subhalo central densities persist for the lower σ8 = 0.8, and that those phenomena may continue into the field dwarf halos in our Local Group. As the mass of our simulated host halo is at the low-mass end of the conventional Galactic halo mass range (Mvir = 1×10 12 M⊙), our halo lacks subhalos that can host the LMC or SMC, which are expected to have Vmax > 40 km/s. Previous numerical simulations have found that the probability of finding Magellanic Could-like objects can be reduced to ∼ 10% with host halo masses Mvir < ∼ 10 12 M⊙ (i.e. Boylan-Kolchin et al. (2010); Busha et al. (2011) , and these results are consistent with observations (Liu et al. 2011) . Thus our halo is not peculiar in any sense. Previous studies have excluded Magellanic Could-like objects when performing similar analyses because they are many orders of magnitude brighter than the classical dSphs, so our results are quite comparable to the previous literature.
DISCUSSION AND CONCLUSION
We present a set of N-body simulations of a class of dark matter models in which an unstable dark matter particle decays into a stable dark matter particle and a light non-interacting particle. We especially focus on late-decay scenarios, in which the decay lifetime is comparable to or greater than the Hubble time. We study the effects of the recoil velocities (V k ) received by the stable, daughter dark matter particles on the structure dark matter halos with halo mass ranging from galaxy cluster to Milky Way-like objects. We use high-resolution, zoom-in simulations to explore the effects of dark matter decays on Galactic structure and substructure. We explicitly study decaying dark matter models that do not violate current Lyman-α forest constraints (Wang et al. 2013) .
Using a uniform-resolution cosmological simulations within cubic box of side length 50 h −1 Mpc, we study the large-scale phenomena of DDM models. Here we focused on a DDM model with lifetime Γ −1 = 40 Gyr, and recoil speed V k = 100 km/s, which is likely to represent an upper limit on the range of plausible effects DDM may have on halos larger than the Milky Way. We found that for the model with Γ −1 = 40 Gyr, V k = 100 km/s, the influence of DDM is limited to scales < ∼ a few kpc. Structure formation in this scenario exhibits strong time evolution such that significant differences between DDM and CDM emerge only at z ∼ 1. We find that decay models that exhibit interesting implications on Galactic scales have very small effects on galaxy clusters. While we compare the changes in the density profiles and subhalo abundances for halos with different mass by combining with the galactic zoom-in simulation results, Using Galactic zoom-in simulations we studied the effect of DDM on Milky Way-mass halos and the subhalos of Galaxy-sized systems. On Milky Way-mass scales, we find that DDM models can significantly alter various subhalo properties. Specifically, we find the following results that distinguish DDM models from CDM and other alternative DM models:
Subhalo abundance: We find that there is significant impact on Galactic subhalo abundances, in agreement with what is found in Peter & Benson (2010) using semi-analytical models. The amplitude of the change and the range of subhalo sizes over which the change is significant depends on the specific choice of parameters. For V k > ∼ 50 km/s, the effect is a uniform suppression of all galactic subhalos. More interestingly, for lifetimes Γ −1< ∼ 40 Gyr and V k ∼ 20-40 km/s, DM decays bring the cumulative number of objects with Vmax > 10 km/s down to about ∼ 100. There have been many similar studies on WDM subhalo abunace (i.e. Polisensky & Ricotti (2011); Lovell et al. (2014) ), which also find that WDM can efficiently reduce the number of small subhalos. With a thermal relic particle mass > ∼ 2 − 3 keV, it is shown that WDM is consistent with the observed number of satellites by SDSS. For mixed DM model where a part of DM consists of WDM and part of it is cold, it is shown in Anderhalden et al. (2013) that the WDM mass limit be lower and still be consistent with observations, since only a portion of the DM is WDM. In contrast, SIDM models exhibit limited power to reduce subhalo abundance .
Inner structure of Milky Way satellites: We found that DDM models with V k ∼ 10-20 km/s and Γ
−1<
∼ H −1 0 yield subhalos with markedly lower internal densities. Indeed, we showed that such a model produces subhalo circular velocities that are broadly consistent with the kinematic constraints on the largest satellite galaxies of the Milky Way. WDM simulations find that subhalos are less concentrated than their CDM counterparts (Colín et al. 2000; Lovell et al. 2014) , mainly because halos of a given mass form later in a WDM cosmology than in CDM, when the mean density of the Universe is lower (Avila-Reese et al. 2001; Lovell et al. 2012) . Recent numerical simulations of viable WDM models Shao et al. 2013) have shown that the density profiles result in a "soft" core instead of a core large enough that may be relevant for some observations of LSB galaxies (Kuzio de Naray & Spekkens 2011; Oh et al. 2011 ). Recent cosmological simulations have shown that SIDM is expected to form constant-density isothermal cores from cluster-sized halos down to galactic subhalos (Vogelsberger et al. 2012; Rocha et al. 2013 ). SIDM models also tend to significantly reduce the central densities of subhalos while leaving the remaining halo structure intact. As we briefly mention in § 3.3.4, many authors have examined the population of massive subhalos in alternative DM models (Lovell et al. 2012; Vogelsberger et al. 2012; Anderhalden et al. 2013 ). Here we show that DDM models can reduce the central density of the most massive subhalos in a regime of model parameter regime that does not violate the Lyman-α forest limits (Wang et al. 2013 ). Here we only show one particular case, but note that it is likely that several other models have similar interesting phenomenology. An interesting next step involves understanding the properties of subhalos that host Milky Way satellites in different DM scenarios and performing tests on these models.
The preceding points suggest that viable models of decaying dark matter may simultaneously evade constraints on smallscale structure formation from high-redshift observations, such as the Lyman-α forest (Wang et al. 2013 ) while alleviating both the "missing satellites problem" and the "too big to fail" problem associated with the substructure of Milky Way-sized dark matter halos as predicted by CDM. This is a novel approach to address these discrepancies with an exotic dark matter model that can yield predictions that will be testable with the coming generation of Galactic and extra-galactic surveys.
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